We studied the reproductive cycle of the sea urchin Arbacia lixula in a subtidal population from 23
Introduction
tests and their significance was corrected for multiple tests using the Benjamini and Yekutieli 139 (2001) FDR correction procedure. As no significant differences were found, both sexes were pooled 140 for further analyses. Kruskal-Wallis non parametric ANOVAs, followed by Dunn's post hoc tests, 141 were used to check for differences in GSI among months within each gonadal cycle and also to 142 check for inter-annual differences among annual maximum values of GSI. Pearson correlation 143 coefficients of monthly mean GSI with photoperiod were calculated separately for each gonadal 144 cycle. The effect of sea surface temperature (SST) on annual maximum values of GSI was assessed 145 by calculating Pearson correlation coefficient of this annual maximum GSI with mean SST during 146 the gonad maturation period (averaging daily temperatures during the six months previous to the 147
GSI peak). 148
Small sample sizes (n < 25) prevented us from using circular statistical tests such as Watson's U were then assessed by comparing these confidence intervals. As no differences between sexes were 154 found, both sexes were pooled and bootstrap confidence intervals were recalculated for 155 comparisons between months. 156 Circular-linear association between MI and GSI was assessed, for every cycle, calculating Mardia's 157 (1976) circular-linear association coefficients, R 2 x and their significance was tested using a 158 randomisation (permutation) procedure (Fisher 1993 ) with 10 6 replicates. 159
All statistical analyses were performed with RStudio (Rstudio Inc., Boston, MA, USA) or Sigmastat 160 3.1 (Systat Software Inc., Point Richmond, CA, USA). Graphical functions included in R packages 161 CIRCULAR (Lund and Agostinelli 2010) and PLOTRIX (Lemon 2006) were used for graphical 162
representations. 163
Results 165
Sea urchin densities 166
The densities of Arbacia lixula measured at the study site in the beginning (0.6 ± 0.8 individuals m four complete annual cycles at the study site. Males and females were pooled together, since no 173 significant differences were found in any sampled month (Mann-Whitney U test, all P > 0.05). An 174 annual peak is apparent whereby the maximum value is attained every year during May-June-July. 175
The minimal values occur every year in October. So, each reproductive cycle can be considered to 176 span from October to September of the following year. Kruskal-Wallis tests found significant 177 differences among months within every cycle (Table 1 ). An anomaly can be observed as a marked 178 decrease of GSI during March of 2010, which could be explained by extreme low temperatures (see 179 below). A remarkable correlation between monthly mean GSI and photoperiod was detected during 180 three out of the four analysed cycles, with a somewhat less clear-cut relationship during the 2010 181 cycle (Table 2) . Thus, the gonad build-up approximately starts with the winter solstice and the GSI 182 peak occurs simultaneously with the summer solstice, suggesting that photoperiod may be the main 183 factor regulating the timing of the gonadal cycle in A. lixula. Temperature, on the other hand, had 184 cycles lagged by several months with respect to GSI cycles. 185
The magnitude of the annual maximum GSI showed a remarkable inter-annual variability, being 186 significantly higher during the last two cycles than during the first two (Kruskal-Wallis followed by 187 Dunn's test, H 3 = 15.99, P = 0.001). If we average the sea surface temperature (SST) during thegonad growth period (the six months previous to the peak, i.e. from December to May), the annual 189 maximum value for GSI shows a strong correlation (r = 0.955, P = 0.04) with this mean SST. 190 When we add the GSI data for June 2013 to this analysis, the correlation is enhanced (r = 0.962, P = 191 0.009; Fig. 2 ). An increment of 1ºC in mean SST originated a 2.5-fold increase in the maximum 192 GSI. The first two cycles in our study were characterized by low mean SST values during the 193 growth period and corresponded to GSI cycles showing a less defined peak (Fig.1) , whereas the 194 following two cycles were warmer years characterized by high mean SST values and a well-defined 195 GSI peak. The SST values for 2013, on the other hand, belonged to the colder range observed in the 196 study period (Fig. 2) . The SST trend observed at Tossa de Mar and L'Estartit ( and females (Fig. 3) . In both sexes, the gametogenic process begins with a spent gonad ( Fig. 3A and 206 3F), in which the acini are enclosed by a thin wall and are mostly void of cellular material. Relict 207 spermatozoa or ova from the previous spawning event may be observed. Some growing nutritive 208 tissue may be present, but never occupying a significant portion of the acinus. In the recovery stage 209 (Fig. 3B and 3G ), a dense meshwork of nutritive phagocytes occupies most of the acinal space. 210
Primary spermatogonia and oogonia may occur near the acinal walls. Relict spermatozoa or ova 211 may be present in different degrees of lysis. In the growing stage of the testes (Fig. 3C) , nutritive 212 tissue still occupies a considerable portion of the acini, but an empty space opens in the central area,where eosinophilic tails of developing spermatozoa can be observed. In the growing ovary (Fig.  214 3H), most developed oocytes are displaced towards the centre, while elongated, smaller ones are 215 located near the acinal wall. In the premature testes (Fig. 3D) , a mass of basophilic mature 216 spermatozoa accumulates in the centre of the acinus, while a thick layer of nutritive tissue can still 217 be observed in its periphery. In the premature ovary (Fig. 3I) , oocytes at all stages of development 218 occupy most of the space. Nucleoli and some remnant nutritive tissue are typically observed. The 219 mature gonads ( Fig. 3E and 3J ) are densely packed with mature spermatozoa or ova and nutritive 220 tissue is absent. 221
Arbacia lixula shows a striking intra-individual heterogeneity in gonad maturation, so that in most 222 individuals, acini in different maturation stages can be found within one single gonad. This 223 prevented us from assigning a categorical state of maturarion to any individual. Thus, we introduced 224 a continuous circular maturation index (MI) to correctly describe the gonad maturation state. Also, a 225 high degree of inter-individual variability can be found, so that in any given month, individuals 226 belonging to different maturation stages can coexist (Fig. 4) . 227 with the previous results of Fenaux (1968) . The results from gonad histology also suggest a single 256 gametogenic cycle per year in this species. 257
As temperature and photoperiod co-vary with a lag of a few months, it could be difficult to 258 disentangle the effect of both variables. However, in Arbacia lixula photoperiod matches quite 259 closely the time course of the GSI at our study site, especially in 2011 and 2012, while the 260 temperature cycle is displaced by ca. 2-3 months (Fig. 1) . This suggests that photoperiod rather than 261 temperature drives the timing of gametogenesis. However, sea surface temperature (SST) seems to 262 have also a critical effect in the reproductive cycle of A. lixula. The first two cycles of our series (www.meteoestartit.cat). There was a high correlation of annual maximal GSI with mean SST 269 during winter and spring months (Fig. 2) . This suggests that the temperature prevailing during these 270 months (December to May), which corresponded to the period of gonadal recovery and growth after 271 spawning (Fig. 4) , may be a main factor determining the magnitude of the annual maximum for 272 GSI. The GSI value for June 2013 was also included in our analysis, in order to test the predictive 273 capacity of our results. Temperatures in winter and spring of 2013 were relatively cold, and the 274 result for the GSI closely matches the prediction of our linear regression (Fig. 2) . all temperatures recorded during our series, and lower than the historical mean over 30 years for 282 this month (12.6ºC). This was reflected not only by a decline in the GSI of that month (Fig. 1) but 283 also by a delay in the MI values during the following months of that reproductive cycle (Fig. 4A) . 284
Conversely, the last two cycles (Fig. 4B and 4C ) correspond to warm years during which steady 285 gonadal growth and maturation were observed, with predominance of mature individuals from May 286 to July, and spawning events in August-September. The earlier spawning of August 2012 287 (compared with September 2011) could be related to the higher mean temperature during thatmonth, compared with the same month of the previous year. 289
The inter-annual differences in the GSI-MI association plots (Fig. 5) of December to May is 13.43ºC. If we compare this historical value with the ones that occurred in 302 the last five years (Fig. 2) , we can conclude that the average reproductive behaviour of the species 303 during that three-decade period must have been more similar to the two first cycles of our study, 304
and that the two warmest years displaying sharp GSI peaks have to be considered as the abnormal 305 situation. However, considering the current warming trend in the Mediterranean, these "abnormally 306 high temperatures" could indeed become the rule in the near future, thus boosting the potential 307 fecundity of this species of tropical affinities. 308
The reproduction of Arbacia lixula in the NW Mediterranean was first studied by Fenaux (1968) . In 309 this seminal work, she found that the GSI of A. lixula peaked regularly during May-June-July, with 310 a spawning period extending from June to November, according to the presence of larvae in the 311 plankton. She reported a delay between gonad maturation (which was achieved in March-April) and 312 the beginning of spawning, concluding that the gametes would not be released until watertemperature was over 20ºC. Thus, she argued that temperature was the main trigger of spawning in 314 A. lixula. Our results for the GSI broadly agree with those of Fenaux, but they suggest that 315 photoperiod could be the main factor determining the timing of the gonad maturation process, 316 which is nevertheless considerably affected by temperature during the growing period. Our 317 histological results showed that low temperatures during winter and spring may impair the gonad 318 maturation process throughout the reproductive cycle, which could probably prevent Northwestern 319
Mediterranean populations of A. lixula from successfully reproducing during cold years, even 320 though the temperature during summer months reaches well over 20ºC. arising from averaging mature and spent acini or individuals, this continuous index must not be a 336 scalar number, but should be represented instead by a vector in a circular (polar) coordinate system 337 (Spirlet et al. 1998 ). The use of a circular maturation index is a very powerful tool to analyse thegametogenic cycles of marine invertebrates, which can avoid the inherent problems of using scalar 339 maturation indices to characterize a naturally cyclical process. The comparison among maturation 340 states is straightforward in the circular monthly maturation vectors plots (Fig. 4) . The polar 341 coordinate system also allows to accurately compare between sexes or among months, and it is 342 particularly useful for quickly comparing different years. The method also allows to perform ad hoc 343 statistical analyses designed for this kind of data. We advocate the use of polar methods for the 344 study of reproduction of iteroparous species, whenever cyclical stages can be defined. 345
Both males and females of Arbacia lixula shows remarkable inter-individual variability in its 346 gonadal maturation state (Fig. 4) . This maturation heterogeneity may also be found in other sea 347 urchin species (e. g. accumulated rather than the maturation stage, and therefore the GSI alone would not be a good 359 parameter to assess the gametogenic state of these species. However, A. lixula is an omnivore 360 tending to carnivory (Wangensteen et al. 2011 ) whose densities are low to moderate in our sampling 361 area. We measured the density values at the beginning and at the end of our study, and did not find 362 any significant differences which could influence the gonad index. Food availability is unlikely tolimit gonad growth in the study area at Tossa de Mar, which exhibits well developed sublittoral 364 communities with high productivity throughout the year (Ballesteros 1988 (Ballesteros , 1993 . Photoperiod has 365 been suggested to control gonadal growth cycles in a variety of sea urchin species (Pearse et the GSI of A. lixula at our study site had a remarkable intra-cycle correlation with photoperiod, but 371 the height of the maximum GSI peak was correlated with the mean temperature during the growing 372 period. Thus, the photoperiod would predict "when" and the temperature is related to "how much" 373 the gonads will grow. Our results with A. lixula agree with those of Spirlet et al. (2000) in 374
Paracentrotus lividus, who suggested that temperature acted as an enhancer of the gametogenic 375 process, but probably not as a trigger signal for the spawning in this species. In their study with 376
Strongylocentrotus droebachiensis, Dumont et al. (2006) suggested that, once gametogenesis is 377 initiated by photoperiod triggering, spawning cannot be halted by artificially altering the 378 photoperiod. However, our results show that, in the case of A. lixula, the maturation process can be 379 considerably disturbed by anomalous temperatures, which would then be a main modulator for the 380 gametogenic process. 381
In accordance with its tropical origin, A. lixula showed a remarkable increase in its maximum 382 gonadosomatic index with temperature at our study site. This could probably lead to a boost in its 383 reproductive output in Northwest Mediterranean during warm years. This is in agreement with 384 warning reports of increased abundance of A lixula in the Mediterranean attributable to increases in 385 temperature (Francour et al. 1994; Harmelin et al. 1995) . Given the ongoing global warming trend, 386
A. lixula can potentially boost its negative impact (Privitera et 
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